tended to be somewhat smaller. Based on hemocytometent progenitors in vivo, we stripped the plexus/outer muscle layers from the gut epithelium and dissociated ter counts of trypsinized cells, multilineage colonies from E14.5 and P15 progenitors averaged 184,000 Ϯ these tissues separately. We found that multipotent progenitors were consistently cultured from the plexus/ 69,000 and 82,000 Ϯ 17,000 cells per colony, respectively.
outer muscle layers but never from the gut epithelium. This indicated that these multipotent progenitors were To begin to assess the localization of these multipo- Ϫ , so use of the ␣ 4 marker did not increase NCSC enrichment. Therefore, postnatal gut NCSCs were routinely isolated based only on their expression of high levels of p75 (see Figure 1) . N ϩ G ϩ M colonies contained neurons, glia, and myofibroblasts, while M only colonies contained only myofibroblasts. Each data point is shown as mean Ϯ standard deviation. Percentages do not necessarily add up to 100 because up to 2% of colonies did not stain with any marker. At P15, 6% Ϯ 2% of unfractionated cells formed colonies and 13% Ϯ 4% of colonies were N ϩ G ϩ M. At P22, 4% Ϯ 1% of unfractionated cells formed colonies, and 5% Ϯ 4% of colonies were N ϩ G ϩ M. Figure 1D for a flow-cytometric profile of p75 expression). Although p75 Ϫ and p75 low cells formed no multilineage colonies and p75 med cells gave rise to few multilineage colonies, p75 ϩ cells were highly enriched for multipotent progenitors. An average of fiftytwo percent of p75 ϩ cells survived to form colonies in culture, and 66% of these colonies were multilineage (Table 1) 
Prospective Identification and Isolation of Postnatal Gut NCSCs by Flow-Cytometry
By isolating the 1%-2% of cells that expressed the highest levels of p75 from the plexus/outer muscle layers of the gut, we found that we could isolate highly enriched populations of NCSCs from E14.5 through the oldest rat we examined at P110 (Table 1) . Sixty to seventy percent of colonies formed by p75 ϩ cells from P5 to P22 gut contained neurons, glia, and myofibroblasts (N ϩ G ϩ M; Table 1 ). Additional colonies contained neurons and glia, but not myofibroblasts (N ϩ G). It is uncertain whether these N ϩ G colonies represent restricted progenitors or whether some multipotent progenitors sometimes failed to make myofibroblasts under these ϩ cells after 14 days of for ␣ 4 integrin. However, the purity of multipotent progenitors among adult p75 ϩ cells was much lower than culture (Table 1) , we wanted to be sure that this population was not substantially contaminated by committed in the P22 gut, with only 9% of cells surviving to form colonies in culture and 17% of colonies being multilinneuronal progenitors or by immature neurons. To this end, we sorted P15 p75 ϩ cells into culture and examined eage. Additional work will be required to improve our ϩ cells into culture and stained these cells 17 hr later for the early neuronal tectably self-renew in this assay. Nonetheless, at least some of the adult multipotent progenitors self-renewed, marker neuron-specific (class III) ␤-tubulin (TuJ1 antibody). On average, 3.9% Ϯ 5% of P15 gut p75 ϩ cells producing an average of 35 multipotent subclones per founder cell (Table 2) we used our ability to prospectively identify the gut at P5, 16/18 at P15, and 6/6 at P22). Since the multipoNCSCs to ask whether their cell-cycle distribution tent progenitors from postnatal gut were p75 ϩ , formed changed perinatally. The cell-cycle distribution of unculcolonies similar to embryonic NCSC colonies, appeared tured NCSCs was assayed at isolation by flow-cytometo localize to the myenteric or submucosal plexi, and try, using Hoechst 33342 staining to determine the DNA had the capacity to self-renew, we conclude that they content of individual cells ( (Figure 4) . After 72 hr, embryos were fixed, sectioned, and processed for in situ hybridization using probes against rat SCG10 to identify neurons (Anderson and Axel, 1985) and rat P 0 to identify glia (Lemke et al., 1988) . Chick neurons were identified by hybridizing with a chick SCG10 probe in some sections. Of eight chicks analyzed, four showed engraftment with both neurons and glia, two showed engraftment of glia only, and two were not detectably engrafted. The failure of all eight chicks to detectably engraft with both neurons and glia may be due to differences between postnatal gut NCSCs and embryonic gut NCSCs or the relatively small numbers of cells injected (‫/013ف‬somite; see Experimental Procedures). Neuronal engraftment was found in sympathetic ganglia (2.2 cells/ positive section; Figure 4A ), and glia were present in peripheral nerves (17.5 cells/positive section; Figure 4B ). Thus, uncultured postnatal gut NCSCs migrated to embryonic neural crest structures and formed neurons and glia.
Postnatal Gut NCSCs Differentiate into Neurons that Express a Variety of Neurotransmitters
We performed a clonal analysis of gut NCSCs to test whether they generate cells expressing a variety of neurotransmitters. We stained NCSC colonies that had been cultured for 14 days at clonal density using commercially (Table 3) . By P15, only 20% of NCSCs formed TH ϩ neu-6B and 6C). Between E14.5 and P15, NCSCs lost the rons, and 38% formed D␤H ϩ neurons (both differences ability to make serotonergic neurons based on this in were statistically significant; p Ͻ 0.01). In addition to vitro assay. the reduction in the proportion of NCSCs that were able In addition to examining the ability of postnatal gut to form such cells, there was also a reduction in the NCSCs to make subtypes of neurons that normally exist number of such cells per colony (Figure 7 ; Supplemental in the adult gut, we also wanted to examine their ability Figure S1 ). While E14. (Table 4) . To ensure that neurons (Pisano et al., 2000) . BMPs promote Mash-1 expression in NCSCs, and both serotonergic and noradrenergic difwere not dying from a lack of trophic factor support in the P15 cell cultures, we supplemented these cultures ferentiation are Mash-1-dependent (Guillemot et al., 1993; Blaugrund et al., 1996). Therefore, a possible with GDNF, NT3, and NGF, but this did not increase the number of Peripherinϩ neurons that arose in the mechanism by which NCSCs might lose the ability to generate serotonergic and noradrenergic neurons is by presence of BMP4 (data not shown). This suggests that the mechanism by which P15 gut NCSCs lose the ability losing their sensitivity to the neurogenic effects of BMPs.
To test this, E14.5 and P15 gut NCSCs were cultured to make serotonergic and noradrenergic neurons in culture involves a loss of responsiveness to the neurogenic at clonal density with BMP4 for 24 hr or 5 days and stained for Mash-1 or Peripherin, respectively. Although effects of BMPs. 
Gliogenic Factors Than Embryonic Gut NCSCs
These factors were then washed out of the cultures, and the cells were cultured under standard conditions for another 13 days. There
Based on an analysis of rats that were administered were no significant differences between NCSCs cultured in no add
BrdU from P14-P16, we detected many more newborn 1990). In another study, enteric neuroblasts retained the These multipotent progenitors were isolated by flowability to undergo noradrenergic differentiation at E14.5, cytometry as p75 ϩ cells (Table 1) , and they self-renewed but by E19.5, most neuroblasts failed to undergo noradin culture (Table 2) . We lose the ability to make some subtypes of neurons postfound that while E14.5 gut NCSCs were highly responnatally. Cells from the P5-P10 forebrain subventricular sive to the neurogenic effects of BMP4, P15 gut NCSCs zone failed to form projection neurons upon transplantadid not detectably respond to BMP4 (Table 4) . Although tion into E15 lateral ventricle (Lim et al., 1997) . Other P15 gut NCSCs were unresponsive to BMP4 upon initial studies of mixed populations of cortical progenitors also isolation, they were ultimately able to undergo at least suggested that progenitors undergo cell-intrinsic relimited noradrenergic differentiation after 18 days in culstrictions during fetal development in the types of neuture (Table 3 , Figure 7 , Supplemental Figure S2 ). This rons they can generate (Barbe and Levitt, 1991; Desai suggests that at least some progenitors within differentiand McConnell, 2000). Even though these studies did ating NCSC colonies may acquire BMP responsiveness. not employ isolated stem cells, it is reasonable to expect Further experiments will be required to determine the that the observed restrictions were present within stem molecular mechanism that accounts for the reduced cells as well as restricted progenitors. Another possibil-BMP responsiveness of postnatal gut NCSCs. ity is that stem cells were rare within the cell populations
The insensitivity of postnatal gut NCSCs to the neurothat were studied and that the stem cells themselves genic effects of BMPs suggests that other factors likely may have retained a broader developmental potential.
promote neurogenesis in the postnatal ENS. This is conIn this study, we have prospectively identified and sistent with the finding that the differentiation of some isolated both embryonic and postnatal NCSCs and comenteric neurons is Mash-1 independent (Blaugrund et pared their ability to generate different subtypes of neual., 1996); however, the identity of these alternative neurons in culture. P15 gut NCSCs retained the ability to rogenic signals is unknown. generate neurons that expressed a variety of neurotransmitters that are normally found within the ENS. Nearly all P15 gut NCSC colonies contained large numIn Vivo Engraftment of Uncultured P15 Gut NCSCs Postnatal gut NCSCs gave rise to only small numbers bers of neurons that expressed NPY, VIP, and/or nNOS ( Figure 5 ). However, postnatal gut NCSCs gradually lost of neurons after transplantation into chick embryos, consistent with the observation that they are BMP insenthe ability to make serotonergic neurons in culture. Since serotonergic neurons become postmitotic by E15 and sitive at isolation. Nonetheless, they did form some neu-rons in the sympathetic ganglion, an environment in and the ENS (Gershon et al., 1994), it is particularly interesting that the adult ENS maintains NCSCs. It will be which neurogenesis is normally driven by BMP stimulation (Reissman et al., 1996) . One possibility is that a exciting to determine whether the persistence of adult neural stem cells in both the CNS and ENS is related subset of the transplanted P15 gut NCSCs acquired increased BMP sensitivity as a result of backtransto structural or functional similarities between these tissues. plantation into the neural crest migration pathway and underwent neurogenesis in response to BMPs (Table 3 
multipotent.
In this study, the P15 gut NCSCs engrafted only in
